specific cellular functions, irrespective of turgor (Paleg et al., 1985; Shen et al., 1997) . van, 1986; Santamaria et al., 1990; Basnayake et al., 1993; japonica cultivars of rice (Oryza sativa L.) subjected to a drying cycle Tangpremsri et al., 1995) , chickpea (Cicer arietinum L.)
pronounced effect of the rate and extent of water deficit on OA (e.g., Jones and Rawson, 1979 ). This is a major O smotic adjustment is recognized as an effective problem when diverse genetic materials are compared component of drought resistance in several crop for OA, if they differ also in plant size, root traits, or plants (reviewed by Morgan, 1984; Blum, 1988 ; Ludlow any other plant factor that determines the rate of plant and Muchow, 1990; Kramer and Boyer, 1995) . Osmotic dehydration in the field or in a pot (e.g., Blum et al., adjustment involves the net accumulation of solutes in 1997). Therefore, OA measurement requires a reasona cell in response to a fall in the water potential of able standardization of or normalization for plant tissue the cell's environment. As a consequence of this net water deficit. accumulation, the osmotic potential of the cell is low-
The various published methods for OA measurement ered, which in turn attracts water into the cell and tends can be classified into four procedures (see Materials and to maintain turgor pressure. Generally, OA contributes Methods for details). Briefly, the first method (Morgan, to turgor maintenance of both shoots and roots as plants 1992, 1995) estimates OA from the linear regressions of experience water deficit. This allows turgor-dependent RWC on OP as derived from consecutive measurements processes such as growth and stomatal activity to conduring a drought stress cycle. It partitions between actinue to progressively lower leaf water potential (LWP).
tive solute accumulation (i.e., OA) and the "concentraThe accumulated compatible solutes may also protect tion effect" on OP of water loss from the tissues. The method is comprehensive and demanding on labor and
Exp. 1 and Exp. 2, respectively. Plants were grown in large al., 1983, 1990 ) is relatively more simple and it estimates (18 L) employed by Morgan (1992 Morgan ( , 1995 , where the relative capacity for OA is derived from the regression of RWC ative evaluation of all available methods is warranted;
The RWC was determined by the standard method (Barrs therefore, we conducted this study to compare the four and Weatherley, 1962), using a 4-h rehydration period and methods using different rice cultivars.
oven drying for 24 h at 80ЊC. For OP measurement, a sample consisting of three 1-cm-long midleaf segments was sealed in a thermocouple psychrometer cup (2-mL volume) and freeze-
MATERIALS AND METHODS

Plant Materials and Growth Conditions
Rice cultivars representing a wide range of germplasm from traditional upland types to improved lowland types were studied (Table 1) . Seed of these cultivars was obtained from the International Rice Research Institute, Manila, Philippines. Plants were grown in the greenhouse at Texas Tech University, Lubbock, Texas, during October to December 1994 (Exp. 1) and May to July 1995 (Exp. 2). Air temperatures inside the greenhouse during the two experiment periods are represented in Fig. 1 . Twelve and eight cultivars were tested in killed at Ϫ20ЊC. Prior to measurement, samples were thawed The OP 0 was calculated for each RWC data point according to Morgan (1992) and Wright et al. (1983) (Brown and Oosterhuis, 1992) . This protocol has been Osmotic adjustment was calculated from the two regrespreviously tested and determined to be appropriate, as calisions as the difference between OP and OP 0 at RWC of 70%. brated against solutions of NaCl of known osmotic potentials.
This RWC was chosen and rather than 60% (see below) beThree replications per cultivar per sampling date were meacause actual data were not always available to 60%, and an sured for all three variables. extrapolation was deemed undesirable. While Morgan (1992) used natural log conversions of RWC and OP to improve Osmotic Adjustment Determination the linearity of the relationship, such conversions were not deemed necessary here since they did not result in any imOsmotic adjustment was measured and calculated in three provement over using the unconverted data. replications per cultivar.
Method 2. By this method, OA was calculated as the differMethod 1. Following Morgan (1992) , two linear regressions ence in OP between nonstressed (a point measurement on were developed for all measurements taken during the drying the morning after last irrigation) and stressed leaves both cycle in all plants belonging to a given replication ( Fig. 2; calculated to well-watered state (OP 100 ) (Wilson et al., 1979 ; examples for two cultivars). One consisted of the regression Flower and Ludlow, 1986; Ludlow et al., 1983; . Data of RWC on the measured OP ( Fig. 2 solid squares) and the for the stressed plants consisted of those taken at a RWC of other of RWC on calculated OP due to a concentration effect around 60% with a LWP of about Ϫ3.5 MPa. This RWC was (OP 0 ) ( Fig. 2 open squares). The OP 0 was therefore an estimate chosen to assure sampling at wilting in all cultivars. The OP 100 of tissue OP level ascribed to the mere loss of water at each was calculated as follows: given RWC.
[2]
A B value of 18% was chosen for these calculations, as based on data for rice by Turner et al. (1986) . A constant value of B was used for both stressed and nonstressed leaves of all cultivars since B did not change with cultivar (Turner et al., 1986) or dehydration (Wilson et al., 1980) . A constant value of B has also been used by others (e.g., Ludlow et al., 1983 Ludlow et al., , 1990 .
Method 3. By this method, OA was calculated as the difference in measured OP between nonstressed (OPi, as measured above) and stressed leaves that are rehydrated (Jones and Turner, 1978; Wilson et al., 1980; Turner et al., 1986; Blum, 1989) . Stressed plants at RWC of about 60% were irrigated in the evening and leaves were sampled the next morning for measurement of OP. According to Steponkus et al. (1982) , overnight rehydration in itself was not expected to generate any significant variation among cultivars in OP after dehydration.
Method 4. The capacity for OA was estimated according to Morgan (1995) as the RWC at a given OP close to wilting (Ϫ3.5 MPa). Higher RWC at a given OP indicates a relatively higher OA. This estimate was derived from the regression of RWC on OP used in Method 1 (solid squares, Fig. 2 ).
Plant Response Evaluations (Experiment 2)
The associations between OA, leaf death at peak drought stress and plant recovery after drought stress were assessed for eight rice cultivars in Exp. 2.
Osmotic adjustment was measured by Methods 1 and 3 on the 22nd day after the last irrigation when plants were at a RWC of 55 to 65% and a LWP of around Ϫ3.5 MPa. These plants were scored for leaf death on a scale of 1 (all leaves green but rolled) to 9 (all leaves appear desiccated and dead) (De Datta et al., 1988) . Pots that were irrigated on the 23rd day after the last irrigation (for OA determination by Method 3) were scored for plant recovery on the 24th day. Recovery for rice (IRRI, 1980) . nificantly (P Յ 0.05) in OPi, which ranged from Ϫ1.50 MPa in Moroberekan to Ϫ2.02 MPa in IR52561-UBN-( Table 2 ). The CV was 31%, which was lower than with 1-1-2. This was within the normal range reported earlier Method 1, but still high. for rice (O'Toole, 1982) and wheat (Morgan, 1984) .
The relatively low OA values obtained with this However, OPi did not correlate well with RWCi across method could not have been the result of insufficient cultivars (r ϭ Ϫ0.32; P ϭ 0.30). Hence, the variation level of drought stress. The OP values used here were among cultivars in OPi can be regarded as independent obtained at a RWC of ≈60%, which is lower than the of RWCi and is, therefore, derived from constitutive value of 70% used in Method 1. The reason for the differences among cultivars in cellular solute concenrelatively low OA values by this method are discussed tration.
below. Despite the relatively high CV and the low mean OA, very significant differences (P Յ 0.01) were revealed in OA among cultivars, ranging from 0.16 MPa
Osmotic Adjustment by Method 1
in Azucena to 0.83 MPa in IR62266-42-6-2 (Table 2 ). Regressions of RWC on OP and OP 0 for two different cultivars are presented in Fig. 2 . The relationship be-
Osmotic Adjustment by Method 3
tween RWC and OP sometimes presents a bi-phasic Mean OA across all cultivars by this method was response, as shown for chickpea (Morgan et al., 1991) 0.72 MPa, compared with 0.89 MPa and 0.51 MPa for or sunflower (Chimenti and Hall, 1993) . In the first Methods 1 and 2, respectively. The CV (21%) was the phase, OP is usually reduced with relatively little or no lowest of all methods ( Table 2 ). The somewhat lower change in RWC. In the second phase there is a linear mean OA value obtained with this method compared decline in both leaf RWC and leaf OP under the effect with Method 1 could not be a result of insufficient level of water deficit. The two phases can be separated into of drought stress. Possible explanations are discussed two linear regressions by the proper statistical techbelow. Very significant (P Յ 0.01) and more than a twoniques; however, in this study, data for most cultivars fold difference was observed in OA among cultivars, and replications at high RWC (Ͼ95%) were too scatranging from 0.48 MPa in IR58821-23-B-1-2-1 to 1.07 tered (e.g., Fig. 2 ) to allow the partitioning into two MPa in IR42. significant regressions per replication. Hence, the regression of RWC on OP (and the respective OP 0 ) was
Osmotic Adjustment by Method 4
fitted for all data as single-phase relationship, as done also by Morgan (1992) for wheat. All cultivars began Mean RWC at OP of Ϫ3.5 MPa over cultivars was to wilt at a RWC of 70% and data were available for 69% (Table 2 ). This value was essentially the same as all cultivars down to at least this RWC.
the RWC (70%) at which OA was estimated by Cultivars differed significantly in OA more than fourMethod 1. The RWC at Ϫ3.5 MPa differed very signififold, from 0.35 MPa in IR52561-UBN-1-1-2 to 1.51 MPa cantly (P Յ 0.01) among cultivars, from 80.9% (high in IR62266-42-6-2 (Table 2) . Coefficient of variation for OA capacity) in IR42 to 62% (low OA capacity) in this method was relatively high (47%).
Moroberekan. The CV was relatively low (24%).
Osmotic Adjustment by Method 2 Comparison of Methods
Mean OA across all cultivars by this method was 0.51 Simple correlations of OA across cultivars between methods (Table 3 , top values) indicated a significantly MPa, compared with a mean of 0.89 MPa by Method 1 (Table 3, of the three methods in Exp. 1, at least partly because bottom values) basically confirmed the trend that of the lack of large or significant variation in OA among emerged from the simple correlation analysis. The rankcultivars in Exp. 2. In general, therefore, the environing of the twelve cultivars for OA by Method 1 agreed mental conditions in Exp. 2 had a suppressing effect on well with ranking by Method 4. Ranking by Method 1 OA and the expression of OA variation among cultivars, agreed equally well with ranking by Methods 2 and 3. compared with Exp. 1. Cultivar ranking by Methods 2 and 3 correlated poorly, Cultivars differed significantly (P Յ 0.05) for leaf while ranking by Method 4 agreed better with ranking death score and recovery score (Table 4) . Despite the by Method 3 than with ranking by Method 2. Ranking relatively low cultivar variation for OA in this experiof cultivars for OA by Method 2 was, therefore, relament, OA by Method 1 was negatively correlated with tively odd, compared with the other methods.
leaf death score (r ϭ Ϫ0.74; P ϭ 0.037) and positively The simple correlations (r) calculated across 12 culticorrelated with recovery score (r ϭ 0.77; P ϭ 0.024). vars between OPi (Table 1) and OA (Table 2) , as meaNo associations were seen between leaf death or plant sured by the three methods, were low and nonsignificant recovery and OA by Method 3, probably because of (P ϭ 0.13-0.88). Osmotic adjustment under drought the lack of significant variation among cultivars for OA stress appeared not to be related to the constitutive by this method. cellular solute concentration before the onset of stress.
Experiment 2 DISCUSSION
The rice cultivars tested here differed significantly for Plants grown in Exp. 2 were subjected to higher temperatures than those grown in Exp. 1 (Fig. 1) . Mean OA and therefore they were suitable materials for assessing the different methods of measurement. In Exp. 1, initial RWC (RWCi) and mean initial OP (OPi) in well- (Morgan, 1992 (Morgan, , 1995 , barley (Hordeum vulgare L.) water during rehydration of the desiccated leaves. Furthermore, respiration during the rehydration period (Blum, 1989) , and sorghum (Blum and Sullivan, 1986; Santamaria et al., 1990; Tangpremsri et al., 1995) , and (overnight) may have reduced osmolality. However, Steponkus et al. (1982) presented data for OP after they are higher than those observed earlier in rice by Cutler et al. (1980) , Hsiao et al. (1984) , and Turner et rehydration of stressed rice plants from which it appears that OA may have been stable for at least 24 h of al. (1986) . This wide range of OA can be ascribed to the diversity of the genetic materials tested here, which is rehydration. Still, this issue should be clarified in favor of a shorter rehydration period. similar to more recent results of Lilley and Ludlow (1996) .
Method 1 is regarded as the best estimate because of While Methods 1 and 4 are demanding in terms of labor and plant materials, Method 2 and 3 are more the extensive data it is based on and its account for the concentration effect on OP reduction under water stress economical, faster, and appropriate for screening work. The correlations of OA across cultivars between meth- (Morgan, 1992 (Morgan, , 1995 . Method 4 depends on the same data set collected for and analyzed by Method 1. The ods indicated a better agreement of Method 3 than of Method 2 with Method 1 or 4. Method 3 also had a difference between the two is that Method 4 does not account for possible variations among cultivars in the smaller CV than Method 2. Thus, the results of this study support the use of Method 3 (the rehydration concentration effect on OP during a drought cycle. The high correlation across cultivars between these two method) if a faster and a more economical alternative to Method 1 is required. methods as seen here would indicate that the variation among cultivars in concentration effect was not imporSeveral improvements may be considered when the rehydration method is used. First, rehydration of detant for estimating cultivar differences in OA. This also seems to be the case in wheat, where Method 4 is used tached leaves or tillers (e.g., Hsiao et al., 1984) rather than of whole plants may be considered after some extensively by Morgan (Morgan, 1992 (Morgan, , 1995 . Use of Method 4 instead of Method 1 reduces the amount of evaluation, which would conserve plant materials. Second, the measurement of OP by the psychrometric calculations but not necessarily the amount of labor and plant material. method as done here is slow. The freeze-thaw procedure for killing the tissue and its preparation for meaWhile Method 2 yielded significant differences in OA among cultivars, mean OA over cultivars was promisurement, as well as the long equilibration time in the psychrometer chamber, may be a source of error. A nently lower by this method (0.51 MPa) than by Methods 1 (0.89 MPa) or 3 (0.72 MPa). The relatively low faster and better method could be the measurement of expressed freeze-thawed leaf sap in an osmometer. OA values obtained with Method 2 could not have been the result of an insufficient level of drought stress beWhile this method has also been debated (Kikuta and Richter, 1992), tissue sap extraction is possible with cause plants were stressed to about the same or lower RWC as with the other methods. The reason could perrehydrated tissues (Method 3), while it may not be possible with stressed tissue of low sap yield, such as with haps lie in the assumptions on which the calculation is based. First, the correction for apoplastic water content Method 2. Any method for OA measurement should standardize (B ϭ 18%) could be unrealistic, despite its estimate for rice (Turner et al., 1986) . However, an increase in or normalize for tissue water deficit. The OA estimates by Method 1 were performed at RWC of 70%, and OA calculated mean OA by this method to about the same mean value as obtained by Method 1 would require a measurements by Methods 2 and 3 were performed at RWC of about 60%. However, besides the tissue water B value of around 40%, which is unrealistically high. The B estimates for other plant species (e.g., Boyer deficit, time is a critical variable also. This is suggested from the poor development of OA in most instances in and Potter, 1973; Flower et al., 1990) were even lower than 18%.
Exp. 2 compared with Exp. 1. The rate of development of plant water deficit was Second, the correction to a RWC of 100% may be unrealistic because normally grown well-watered plants faster in Exp. 2 than in Exp. 1, as judged by RWC (Fig.  3A) . It took ≈20 d in Exp. 2 and 35 d in Exp. 1 to reach never reach a RWC of 100%, as pointed out by Morgan (1995) . In our study, measured RWC of well-watered a mean RWC of 70%. However, when the same data were evaluated on the basis of LWP (Fig. 3B) , the rate plants under normal growing conditions was also never 100% (Table 1) . If calculations are made with RWC of of stress development was found to be about the same in the two experiments. The difference was that plants 95% for well-watered plants, mean OA by Method 2 would decrease even further by ≈0.1 MPa. Therefore, wilted at LWP of around Ϫ2.5 MPa in Exp. 2, while they wilted at LWP of about Ϫ3.5 MPa in Exp. 1. Temthese two corrections are not sufficient to explain the relatively low mean OA value by this method, unless perature ( Fig.1 ) and transpirational demand were higher in Exp. 2 than in Exp. 1. Evidence for the higher B for rice is set at ≈40% rather than 18%. If B for rice is indeed very high, then the probability of cultivar transpirational demand in Exp. 2 can be found in the mean (across the 7 common cultivars) RWCi in the two variations in B may increase. These considerations pose a problem with Method 2.
experiments, which was 98.6 and 92.6% in Exp. 1 and (Morgan, 1992) or sorghum (Jones and Rawson, 1979 Constitutive accumulation of solutes can also be an effective component of turgor maintenance under drought stress, as seen in natural vegetation (Walter, 1965) . In fact, constitutive accumulation (by overexpression of the responsible gene) of a cellular osmoticum is regarded as a serious approach to increasing crop drought resistance by genetic engineering (e.g., Bohnert et al., 1995) . The OPi values obtained for the rice cultivars in the our study differed significantly in each of the two experiments. The OPi was independent of RWCi and it may therefore represent a long-term constitutive adaptive component, as argued by O'Toole best dryland-adapted landraces in India; however, the (r 2 ϭ 0.52); Exp. 2, y ϭ Ϫ1.74Ϫ0.044x (r 2 ϭ 0.44). In Exp. 1, LWP data were available for all cultivars only on two dates.
constitutive accumulation of solutes may be totally unrelated to the capacity for OA in response to drought 2, respectively. Plants were grown in the same soil volstress, as seen in this study by the lack of any significant ume in both experiments, but they reached wilting earcorrelation across cultivars between OPi and OA. Still, lier in Exp. 2, not allowing enough time for solute accusince OPi data are taken when OA is measured, it is mulation and maintenance of high RWC. Jones and recommended that differences in OPi should also be Rawson (1979) (Fig. 3B) . Therefore, we very small variations in OA can be effective in affecting hypothesize that it may not be the rate per se of stress these plant stress responses. Alternatively, the constitudevelopment that is important for OA but the time tive level of OA as represented by OPi could be associavailable for solute accumulation before the plants wilt ated with these plant responses to stress. However, OPi as a function of tissue water loss on one hand and the (Table 5) was not correlated with leaf death or with rerate of solute accumulation on the other. This is a reacovery. sonable hypothesis if one considers that the rate of celluIn general, the results obtained here show that rice lar solute accumulation has a limit and therefore full cultivars that are normally grown in lowland (wetland) expression of OA capacity requires time. Our results conditions (Table 1) tend to express moderate to high indicate that rice requires about 4 wk of drought stress OA capacity, with the exception of IR52561-UBN-1-1-2, to wilting for good expression of genetic variation in which is a lowland cultivar of low OA capacity. On the other hand, traditional upland cultivars, such as Azu-OA, which seems to be more than is required by wheat Jamaux, I., A. Steinmetz, and E. Belhassen. 1997. Looking for molecucena or Moroberekan, appear to lack in OA. A similar lar and physiological markers of osmotic adjustment in sunflower.
trend could be seen in the results of others (Steponkus New Phytol. 137:117-127. et al., 1982; Turner et al., 1986 Wetland cultivars, which have shallow roots and are Ludlow, M.M., and R.C. Muchow. 1990 . A critical evaluation of the subject to dehydration when exposed to short periods of traits for improving crop yields in water limited environments. Adv.
drought stress, may have been subjected to an effective selection pressure for high OA capacity.
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